INTRODUCTION
From the wide range of processes to transform polymers, injection molding is the most remarkable for being an adaptable process that yield to high productivity, allowing simple and complex geometries, tight dimensional tolerances, and excellent surface finishing in a single step. The injection molding process is usually comprised of these stages: plasticization, dosing, filling, sustaining pressure, and cooling. Since the material is forced to suffer drastic deformations, with a residual thermal history, the final properties obtained on the injected pieces could be radically modified.
The presence of high residual internal tensions in injected parts can occur as a consequence of high pressures, temperature gradients of the molten material, and temperature gradients in the mold walls. These causing contractions, bending, and other defects in the piece that can affect the performance of the injected products during lifetime [1] - [4] .
Several polymers are employed in the injection molding process, among them polyolefins, such as polyethylene (PE) and polypropylene (PP) from the semi-crystalline type of polymers. Engineering polymers are a type of materials used where high physical, mechanical, chemical, and thermal requirements need to be fulfilled by the produced parts. These parts are commonly found in machines of a wide range of industries which include cosmetics, automotive, aerospace, and naval, among others.
Some of these applications where high thermal or mechanical properties are required employ the doping with additives and reinforcing materials. Those additives not only increase the properties of the injected polymers but also can alter the processing conditions, requiring higher temperatures and pressures, which in turn can increase the internal residual stresses [5] .
Nowadays, the demand of satisfying the high requirements in injected products makes necessary to be able to know and predict the influence of the internal residual stresses on the deformations and bending of the finished pieces. Predicting this behavior relies on an adequate knowledge of the involved mechanisms interacting to produce defects and anomalies in finished parts.
Multiple studies have been proposed with the purpose of explain and predict the phenomenon of residual stresses. In [6] , this phenomenon is attributed to two causes, the first being the macromolecular orientation of the material due to stresses induced by tensions of the flow. The second cause is the stresses caused during the cooling stage of the part. There is a proportional reduction in the contractions of the part as packing pressure increases, this is explained from the raise in the incoming material during the stage of pressure sustainment. As the packing pressure rises, the difference between the tensile and compressive stresses also increases. According to [7] , thermally induced residual stresses have a more significant impact on the part than those that occur as a consequence of the flow front. This kind of effects are sometimes neglected when simulations and theoretical predictions are performed, which in turn can cause adverse results since these type of stresses can affect the properties and performance of the manufactured part. This lessening of properties could be a result of high macromolecular orientations inside the injected material that could, on the long term, cause dimensional variations affecting the dimensional stability of the parts.
Some studies also suggest that mold temperature is one of the most critical parameters in the injection process, since it has been shown that when this temperature is high enough lower residual stresses are caused [8] . Several models have been used to predict residual stresses including: the model of flow induced stresses, which describes the mechanisms of formation or accumulation of flow stresses during the stages of filling and pressure sustainment [9] ; the model of thermal induced stresses, and model of formation of thermally induced stresses [10] .
Present research work studies the residual stress prediction, by using the Moldex 3D software, in a wide range of the previously mentioned variables, in particular for an amorphous polymer (Polycarbonate) and for a semicrystalline polymer (Polypropylene). A three level factorial design was used to collect a lot of data of effect of previously mentioned variables in the residual stresses. Since a lot of information was obtained, it is important to obtain a predictive model for residual stress prediction. Although the obvious approach is a modeling by using a least square regression with a quadratic polynomial, it is recognized some limitations of this approach. Particularly, the least square regression is questionable when residuals do not follow a normal distribution (presence of outlier data) and when some degree of collinearity of independent variables is observed. To overcome the mentioned drawbacks of least square regression, robust techniques have been developed, being the most popular the Andrew´s sine method, the Huber´s method and the Tukey's Biweight method. In this particular research work, a Huber´s robust method with a C constant equal to 1,345 was used [11] .
MATERIALS AND METHODS

Materials
Two polymers (Polypropylene and Polycarbonate) were used in the simulations in order to analyze difference of residual stresses between amorphous and semi-crystalline polymers. The polypropylene used was a homo-polymer from SABIC (575P) and the polycarbonate from GE (LEXAN 144R). In both cases, all properties of the polymers required for the simulations are included in the Moldex 3D software database.
Geometry
The selected geometry in the simulation was a 3.7 mm thickness ASTM D638 specimen [12] for tensile strength. Figure 1 shows the number of cavities and the runner system to feed the melted polymer into the mold.
Figura 1:
Part to analyze injection molding process (Cavities, runner system and thickness).
Processing conditions
For each polymer two design of experiments (DOE) were performed, in order to include different processing conditions that affect the residual stresses. First DOE evaluated the influence of mold wall temperature and injection temperature at fixed conditions of cooling time and packing. The second DOE evaluated the influence of cooling time and packing step (time and pressure) in residual stress. Table 1 to Table 4 list the variables and levels used for each DOE for Polypropylene and Polycarbonate. Packing pressure
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Simulation of residual stress
Simulations were performed using the Moldex 3D software, all phases of injection molding process were evaluated (filling, packing, cooling and warpage). The warpage phase includes the calculations of residual stresses. In order to evaluate a most realistic process, cooling channels were included with the proper temperature and coolant flow to reach the adequate mold wall temperature. Figure 2 shows the configuration of the mold with the cavity being filled, the cooling channels, and the mesh of finite volume that allows the injection molding process to be simulated and solved. Figure 3 shows a detail of the number of elements in the mesh through the thickness (6 elements), such refinement level is intended to get results more precise. According to other similar studies this number of mesh elements through thickness is enough to get adequate simulation results [13] - [15] . The value of the residual stress reported was the Von Mises stresses, which is the mean value of residual stress at x, y, z directions (which is the equivalent value …).
Figura 2:
Part to analyze injection molding process (Cavities, runner system and thickness). 
Robust multivariable regression technique
A multivariable regression technique of the data obtained from the design of experiment was used to obtain a predictive model of the simulations. The least Squares technique is the most common method used for data regression. However, robust regression provides an alternative to least squares regression when the outliers violate the assumption of normally distributed residuals in the least squares regression. In this study a Hubbert robust analysis with a C constant equal to 1.345 was used. The regression analysis was done evaluating a specific point at the surface of injected part (shown in Figure 4 ). That spot was selected intentionally because the surface of the injected part gives the main mechanical resistance, and because that zone has a high failure probability when a tensile test is performed on the part.
Figura 4:
Selected zone to measure residual stresses in analyzed part. Table 5 and Table 6 show the residual stress results of the two DOE evaluated for Polycarbonate. Figure 5 presents the regression of the DOE for Polycarbonate at different levels of mold and melt temperature. The regression coefficient and adjusted regression coefficient are presented in the same figure, evidencing an excellent correlation with a quadratic polynomial model. The formula that describes the quadratic polynomial obtained in the robust regression is presented under the figure. The DOE for polycarbonate at different levels of mold and melt temperature could be properly modeled in surface response curves. A low degree of curvature with the independent variables was observed, indicating that even a linear correlation could have been used for the model. The lowest level of residual stress is observed at the highest mold temperature and the lowest melt temperature. The highest level of residual stress is observed at the lowest mold and melt temperature. The effect of melt temperature in residual stress could be explained as follow.
RESULTS AND DISCUSSION
Polycarbonate analysis
As the melt temperature increases, the gate freezing is delayed, such that more material can be injected in the mold, thus decreasing the amount of shrinkage and therefore, the residual stresses are lower. The effect of mold temperature could be evidenced, since an increase of this parameter also delays the gate freezing, which in turn decreases shrinkage and residual stresses [16] , [17] . Additionally, with a higher mold temperature, the unsolidified region is thicker and lasts longer, allowing a higher packing effect. This also contributes to diminish residual stress. Similar trends to the one here reported were observed in other studies [5] , [6] , [8] . Figure 6 shows the regression of the DOE for Polycarbonate at different levels of cooling time, packing time, and pressure. The regression coefficient and adjusted regression coefficient are presented in the same figure. Although a lower degree of correlation was observed compared with the one obtained for various mold and melt temperatures, the quadratic polynomial robust regression is still suitable. The lowest level of residual stress is observed at the highest cooling time and at the highest packing pressure. The highest level of residual stress is observed at the lowest cooling time and at the lowest packing pressure. These results are foreseeable since more material can be injected during the packing stage as the packing pressure increases, this additional material compensates the shrinkage in the central region of the molded part [18] - [22] . However, as the packing pressure also increases, the gradient between tensile and compressive stresses becomes larger. Additionally, the higher the cooling time the higher the macromolecular relaxation time, thus lower level of residual stresses were observed [5] , [6] , [23] - [25] . Table 7 and Table 8 show the residual stress results of the two DOE evaluated for Polypropylene. Figure 7 presents the regression of the DOE for Polypropylene at different levels of mold and melt temperature. The regression coefficient and adjusted regression coefficient are presented in the figure, revealing an excellent correlation with a quadratic polynomial fit model. The formula of the quadratic polynomial obtained in this robust regression is shown below the figure. The DOE for Polypropylene at different levels of mold and melt temperature can also be accurately modeled using the surface response curves. In the case of polypropylene, a considerable degree of curvature was observed. The lowest and highest levels of residual stress exhibit the same trend of that one of the polycarbonate. The lowest level of residual stress is observed at the highest mold temperature and at the lowest melt temperature. On the other hand, the highest level of residual stress is observed at the lowest mold and melt temperature. Similarly to the previously presented case, as the melt temperature increases, the gate freezing is delayed, and more material can be injected inside the mold, thus decreasing the amount of shrinkage and therefore, lessening the residual stresses. The effect of the mold temperature can also be explained since an increase of this parameter also causes delays in the gate freezing, which in turn decreases shrinkage and the residual stresses. Additionally, with a higher mold temperature the unsolidified region is thicker and lasts longer, allowing a higher packing effect. Which also contributes to lower the residual stress. Figure 8 presents the regression of the DOE for polypropylene at different levels of cooling time, packing time, and pressure. The regression and adjusted regression coefficients are presented in the same figure. As in the case of the polycarbonate, the robust regression for this DOE in the polypropylene shows a lower degree of correlation than the one obtained for the DOE with temperatures, however, the quadratic polynomial robust regression is still suitable. The lowest level of residual stress is observed at a cooling time of 25 seconds and at the highest packing pressure. Whereas the highest level of residual stress is obtained at the lowest mold and at the lowest melt temperature. These results were expected, since more material is added during the packing stage as the packing pressure increases, thus there is a compensation of the shrinkage in the central region of the molded part. However, as the packing pressure increases, the difference between tensile and compressive stresses becomes larger. The higher degree of curvature observed in the polypropylene response, if compared with the one from the polycarbonate, could be explained by the higher shrinkage registered in a semi-crystalline material, where thermal and crystallization shrinkage phenomena occur. Additionally, higher cooling times allow for a higher macromolecular relaxation time, thus lower level of residual stresses can be observed. For the particular case of the simulated polypropylene, a minimum value of residual stress around 25 seconds of cooling time was observed as previously mentioned. However, additional data for higher cooling times are required to be conclusive about this behavior. This scenario however, was not explored in this work as it may lead to unrealistically long cooling times that may not reflect those observed in industry practices where high productivity is a must. 
Polypropylene analysis
CONCLUSIONS
The robust multivariable regression technique showed to be a valuable tool for modeling the data obtained from the simulation of the injection molding process. As it was illustrated in this manuscript, a considerable amount of information was successfully correlated and a predictive tool was derived from the data obtained from a design of experiments (DOE) using a Moldex 3D simulation. It was showed that a quadratic polynomial function is suitable for predicting and analyzing simulated data, and furthermore, the advantages of robust regression methodology were evident.
The results obtained at the simulations were congruent with theoretical phenomena. The most predominant variables in the residual stress produced in the injection molding process are the mold and the melt temperatures, the time and pressure of packing, and the cooling time. The lower residual stresses were shown to occur with high mold and melt temperatures, as well as with high pressures and times of packing, and enough cooling time. Future work is currently in progress to include other parameters such as the thickness effect, effect in the mechanical properties, and the validation of the residual stress prediction using the standardized technique of polarization measurements.
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